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The  fuel  crossover  and  internal  current  in  a  polymer  electrolyte  membrane  fuel  cell  undergo  a  chemical 
reaction  in  the  cell  without  power  generation.  These  are  the  main  phenomena  for  reduced  cell  voltage 
at  low  current  density.  This  fuel  crossover  also  degrades  the  fuel  cell  performance,  efficiency,  and  dura¬ 
bility.  Thus,  observation  of  these  phenomena  is  important  for  understanding  and  developing  a  polymer 
electrolyte  membrane  fuel  cell.  Using  X-ray  radiography,  the  water  distribution  and  membrane  swelling, 
which  indicate  fuel  crossover  and  internal  current,  in  an  operating  polymer  electrolyte  membrane  fuel  cell 
under  open-circuit  conditions  were  examined.  The  X-ray  images  effectively  demonstrated  the  transient 
changes  of  each  phenomenon,  which  are  related  to  the  properties  of  each  component  and  the  operating 
conditions. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  electrochemical  devices  that  directly  convert  the 
bond  energy  of  reactants  into  electricity  and  heat.  The  polymer 
electrolyte  membrane  (PEM)  fuel  cell  uses  a  solid-state  proton¬ 
conducting  polymer  membrane  as  the  electrolyte.  Theoretically, 
a  PEM  fuel  cell  has  an  open-circuit  voltage  (OCV)  of  1.2  V  (for 
a  cell  operating  below  100°C),  but  during  operation,  the  OCV  is 
approximately  1.0  V  [1].  The  internal  current  (1  mAcm-2  [1])  and 
fuel  crossover,  which  flow  from  the  anode  to  the  cathode  through 
the  membrane,  cause  this  voltage  drop.  Although  the  membrane  is 
electrically  nonconductive  and  practically  impermeable  to  reactant 
gases,  some  electrons  may  find  a  shortcut  through  the  membrane, 
and  small  amounts  of  hydrogen  will  diffuse  from  the  anode  to  the 
cathode.  When  a  fuel  cell  is  operated  under  open-circuit  or  very  low 
current  density  conditions,  these  losses  may  have  a  marked  effect 
on  the  cell  potential  [1,2].  Additionally,  fuel  crossover  degrades 
fuel  cell  performance,  efficiency,  and  durability.  The  fuel  crossover 
causes  direct  combustion  of  hydrogen  and  oxygen  in  the  catalyst 
layer,  and  this  generates  a  local  hot  spot  that  causes  pinholes,  ini¬ 
tiating  a  destructive  cycle  of  increased  crossover  and  membrane 
degradation  [3].  Fuel  crossover  also  generates  hydrogen  perox¬ 
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ide,  which  can  cause  chemical  degradation  [4].  Thus,  an  analysis 
of  fuel  crossover  and  the  internal  current  is  important  for  the 
development  of  membranes.  The  rate  of  fuel  crossover  through 
the  membrane  has  been  measured  using  linear  sweep  voltammetry 
[5,6]  and  chronocoulometry  [7];  however,  these  methods  measure 
the  fuel  crossover  rate  under  non-operating  conditions  because 
they  require  EI2  and  N2. 

The  aim  of  this  study  was  to  visualize  the  changes  caused  by 
fuel  crossover  and  internal  current  in  a  PEM  fuel  cell  under  oper¬ 
ating  conditions  with  H2  and  air.  X-ray  radiography  was  used  for 
the  visualization.  This  technique  has  been  applied  to  visualize  the 
internal  structure  and  water  distribution  in  PEM  fuel  cells  [8-13] 
because  it  can  be  used  to  observe  phenomena  in  a  fuel  cell  that  has 
not  been  modified  for  visualization  under  operating  conditions. 

2.  Experimental  methods 

Each  single  fuel  cell  (Fig.  1)  had  a  2  cm  x  2  cm  active  area,  and 
consisted  of  an  anode  bipolar  plate  with  a  serpentine  channel, 
a  cathode  bipolar  plate  with  nine  holes  to  supply  ambient  air 
(about  23  °C),  two  gas  diffusion  layers  (GDLs;  Toray  TGPEI-090), 
and  a  membrane  electrode  assembly  (MEA),  which  consisted  of 
Gore  Primea  MEAs  for  transportation  and  had  two  catalyst  layers 
(cathode  Pt  loading:  0.4  mg  cm-2,  anode  Pt  loading:  0.1  mg  cm-2). 
Components  were  assembled  between  two  polymer  endplates  with 
four  bolts  and  compression  force  was  controlled  using  a  torque 
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wrench.  An  electrolysis  system  was  used  to  produce  hydrogen  gas; 
its  flow  rate  was  7.1  ±1.1  mLmin-1,  the  temperature  was  23.5  °C, 
and  the  relative  humidity  was  97%,  so  the  vapor  in  the  gas  could 
condense  in  the  fuel  cell.  To  verify  the  condensation  effect  of  this 
vapor,  another  fuel  cell  that  had  a  membrane  (Nation  N212)  with 
no  catalyst  layer  was  also  tested.  After  operating  a  fuel  cell,  there 
is  a  potential  for  liquid  water  to  remain,  even  after  it  has  been  des¬ 
iccated.  For  this  reason,  each  experiment  was  conducted  using  a 
new  membrane  and  GDLs.  To  avoid  external  electric  current,  which 
flows  through  the  external  load,  voltage  and  current  measurement 
systems  were  not  used. 

Each  single  fuel  cell  was  analyzed  with  an  X-ray  microscope 
system  at  the  Pohang  Accelerator  Laboratory,  Pohang  University  of 
Science  and  Technology,  Korea  (Fig.  2).  The  incident  white  X-ray 
beam  (photon  energy  2.8-5.5  keV)  passed  through  the  sample  and 
reached  a  scintillator  that  converted  the  X-rays  to  visible  rays.  The 
visible  rays  were  reflected  off  a  mirror  through  a  microscope  into 
a  16-bit  4008  x  2672-pixel  charge-coupled-device  (CCD)  camera. 
The  field  of  view  was  5.05  mm  x  3.36  mm. 

To  analyze  these  phenomena,  the  water  thickness  is  an  impor¬ 
tant  parameter.  The  calculation  processing  step  for  water  thickness 
was  as  follows  [14,15].  First,  dividing  the  gray  value  of  the  wet 
image  by  the  gray  value  of  the  dry  image  and  using  a  negative 
natural  log  to  obtain  the  value  of  /xt 
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Fig.  2.  Fuel  cell  and  the  X-ray  microscope  and  beamline  at  the  Pohang  Accelerator 
Laboratory. 


Then,  the  water  thickness  or  volume  can  be  calculated  with  the 
linear  attenuation  coefficient  /x  of  water  that  is  measured  experi¬ 
mentally: 


l^water 

A  calibration  step  was  applied  to  measure  the  linear  attenuation 
coefficient  of  water.  The  measured  value  was  19.1 69  cm-1. 

3.  Results  and  discussion 

The  MEA  and  membrane  have  higher  attenuation  coefficients 
compared  with  that  of  the  GDL.  Thus,  they  appear  darker  than 
the  GDL  in  X-ray  images  (Fig.  3).  One  hundred  X-ray  images  were 
continuously  recorded  for  400  s,  which  was  the  duration  of  exper¬ 
iments.  The  images  in  Fig.  3  are  for  the  initial  stage  and  380  s  after 
experiments  begun,  when  the  MEA  thickness  and  water  thickness 
in  the  GDL  had  reached  a  steady  state.  Although  the  MEA  thickness 
was  35  |jim,  the  membrane  (N21 2)  was  50  |jim,  and  GDL (TGPH-090) 
was  280  p,m,  the  thickness  of  the  MEA  and  the  membrane  in  Fig.  3 
appear  thicker  than  the  true  value.  The  cells  were  arranged  with 
all  components  in  parallel;  however,  it  is  difficult  to  make  them 
exactly  parallel.  Thus,  the  interfaces  overlapped  and  there  is  not 
a  sharp  interface.  For  this  reason,  relative  thickness  changes  only 
were  analyzed.  The  membrane  thickness  of  the  fuel  cell  with  cat¬ 
alyst  layers  increased  after  hydrogen  injection,  whereas  there  was 
no  change  in  the  fuel  cell  without  catalyst  layers  (Fig.  3).  The  gray 
values  of  the  X-ray  images  were  plotted  for  a  detailed  comparison 
(Figs.  4  and  5).  The  gray  values  in  the  image  of  the  fuel  cell  contain¬ 
ing  catalyst  layers  (Fig.  4)  showed  that  the  membrane  swelled  and 
water  was  produced  in  the  cathode  GDL  near  the  membrane.  The 
gray  value  in  the  cathode  GDL  region  decreased  because  the  liquid 
water  produced,  which  had  a  higher  attenuation  coefficient  than 
air,  filled  the  pores  in  the  GDL,  and  this  liquid  water  absorbed  X- 
rays.  For  the  fuel  cell  with  no  catalyst  layer,  the  gray  values  before 
and  after  the  hydrogen  gas  supply  were  identical  (Fig.  5),  indicating 
that  there  was  no  condensed  water  effect. 

The  swelling  of  the  MEA  and  increase  in  the  water  thickness  in 
the  GDL  were  caused  by  the  water.  Generally,  electrons  are  sepa¬ 
rated  on  an  anode  catalyst  layer  and  move  to  the  cathode  catalyst 
layer  along  an  external  load.  Then,  they  are  combined  with  protons 
and  oxygen,  producing  water  via  a  chemical  reaction.  In  this  experi¬ 
ment,  however,  the  produced  water  existed  even  though  there  was 
no  external  channel  for  electrons.  There  are  two  possible  explana¬ 
tions  for  this  observation.  In  the  first  scenario,  electrons  and  protons 
that  are  separated  in  the  anode  catalyst  layer  combine  with  the 
residual  air  in  the  anode  channel.  In  this  case,  water  is  produced  on 
the  anode  side  and  accumulates  in  the  anode  GDL.  A  second  possible 
explanation  is  the  existence  of  hydrogen  crossover  and  an  internal 
current.  If  there  is  crossover  of  hydrogen  gas,  the  chemical  reaction 
would  occur  only  in  the  cathode  catalyst  layer  and  water  would  be 
produced  there.  If  there  is  an  internal  current,  the  electrons  and  pro¬ 
tons  that  are  separated  in  the  anode  catalyst  layer  move  through 
the  membrane  at  once.  Based  on  the  experimental  results,  there 
was  no  water  in  the  anode  GDL,  indicating  that  there  was  no  sig¬ 
nificant  direct  reaction  in  the  anode  side.  Thus,  the  first  scenario 
did  not  occur  and  the  second  possibility  does  explain  the  changes 
observed  in  the  cell.  That  is,  the  MEA  swelling  and  increased  water 
thickness  in  the  GDL  were  apparently  caused  by  the  crossover  of 
hydrogen  gas  and  an  internal  current. 

The  rate  of  change  of  MEA  thickness  and  water  thickness  in 
the  cathode  GDL  were  also  calculated  (Fig.  5)  from  X-ray  images 
recorded  during  the  experiment.  The  MEA  thickness  was  used  to 
calculate  the  number  of  pixels  under  the  threshold  value,  which 
was  6000.  The  water  thickness  in  the  GDL  was  calculated  as 
described  in  the  previous  section.  The  increased  MEA  thickness  and 
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Fig.  3.  X-ray  images  before  and  after  hydrogen  gas  injection,  for  (a)  the  membrane  with  a  catalyst  layer,  and  (b)  the  membrane  without  a  catalyst  layer. 
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Fig.  4.  Gray-scale  distributions  of  X-ray  recording  before  and  after  hydrogen  gas  injection,  with  the  MEA  present. 
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Fig.  5.  Gray-scale  distributions  of  X-ray  recording  before  and  after  hydrogen  gas  injection  with  no  catalyst  layer. 
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Fig.  6.  Measured  variations  of  the  MEA  thickness  (upper  curve)  and  water  thickness 
on  the  cathode  GDL  (lower  curve)  over  time. 


water  thickness  in  the  cathode  GDL  began  at  the  same  time,  but  the 
MEA  thickness  took  longer  to  reach  the  steady  state  compared  with 
the  water  thickness  in  the  cathode  GDL  (Fig.  6).  This  difference  in 
rates  in  the  MEA  and  GDL  is  related  to  the  properties  of  the  MEA 
and  GDL;  it  also  depends  on  the  experimental  conditions  because 
the  gas  permeability  of  the  membrane  changes  with  the  temper¬ 
ature  and  water  content  [5],  and  the  permeability  affects  the  rate 
of  chemical  reaction  in  the  catalyst  layer.  A  parametric  study  is 
required  to  verify  this  relationship. 

4.  Conclusions 

In  this  study,  X-ray  radiography  was  used  to  visualize  the  phe¬ 
nomena  that  are  caused  by  fuel  crossover  and  internal  current 
through  the  membrane  in  a  PEM  fuel  cell  under  open-circuit  condi¬ 
tions.  X-ray  images  effectively  demonstrated  transient  changes  by 
these  phenomena  in  a  PEM  fuel  cell.  After  hydrogen  gas  injection 
into  the  anode  side,  the  membrane  swelled  (increased  membrane 
water  content),  and  the  liquid  water  produced  was  observed  in  the 
cathode  GDL.  The  MEA  and  GDL  require  different  lengths  of  time 
to  reach  steady  state;  this  rate  is  dependent  on  the  properties  of 
each  component  and  the  operating  conditions.  A  parametric  study 
is  required  to  verify  this  relationship. 
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